Biotechnology provides a means for the rapid genetic improvement of plants. Although single genes have been important in engineering herbicide and pest tolerance traits in crops, future improvements of complex traits like yield and nutritional quality will likely require the introduction of multiple genes. This research reports a system (GAANTRY; Gene Assembly in Agrobacterium by Nucleic acid Transfer using Recombinase technologY) for the flexible, in vivo stacking of multiple genes within an Agrobacterium virulence plasmid Transfer-DNA (T-DNA). The GAANTRY system utilizes in vivo transient expression of unidirectional site-specific recombinases and an alternating selection scheme to sequentially assemble multiple genes into a single transformation construct. To demonstrate GAANTRY's capabilities, 10 cargo sequences were sequentially stacked together to produce a 28.5-kbp T-DNA, which was used to generate hundreds of transgenic events. Approximately 90% of the events identified using a dual antibiotic selection screen exhibited all of the introduced traits. A total of 68% of the tested lines carried a single copy of the selection marker transgene located near the T-DNA left border, and only 8% contained sequence from outside the T-DNA. The GAANTRY system can be modified to easily accommodate any method of DNA assembly and generate high-quality transgenic plants, making it a powerful, yet simple to use tool for plant genetic engineering.
INTRODUCTION
Agrobacterium-mediated plant transformation has been a crucial tool for both plant research and crop biotechnology for more than 30 years (Gelvin, 2003; Vain, 2007) . The earliest transgenic plants were produced using co-integrant vectors, which subsequently gave way to the more convenient use of the binary vector. This change of Transfer-DNA (T-DNA) launch point from the virulence plasmid to the binary vector plasmid has allowed for the efficient introduction of a small number of genes into a wide array of important species; however, it has also been shown to be an important determinant of transgenic plant quality through the introduction of unwanted vector 'backbone' sequences (Permyakova et al., 2009; Oltmanns et al., 2010) .
The assembly of large transformation constructs that carry multiple genes and efficiently transform plants has been a challenge. Because in vitro manipulation of large constructs can be difficult and/or inefficient to perform, a variety of approaches have been developed to facilitate the stacking of larger arrays of genes. These approaches have employed the use of homing endonucleases, type IIS restriction enzymes, commercial cloning systems (i.e. multisite Gateway), Gibson assembly, homologous recombination in yeast, the Cre site-specific recombinase, as well as combinations of these methods (Dafny-Yelin and Tzfira, 2007; Ma et al., 2011; Weber et al., 2011; Untergasser et al., 2012; Zeevi et al., 2012; Buntru et al., 2013; Binder et al., 2014; Shih et al., 2016; Cermak et al., 2017; Zhang et al., 2017; Zhu et al., 2017) . Although these efforts have produced large and complex constructs carrying five or more transgenes and have been shown to function in plant transient expression assays, they are typically implemented in a modest number of sequential stacking steps, and some exhibited instability problems in bacteria and/or were not shown to efficiently generate stable transgenic plants with the expected functional phenotypes. In addition, these systems all utilize either a binary vector plasmid or a binary bacterial artificial chromosome plasmid vector as the transformation construct. These platforms have been shown to be unstable in Agrobacterium without maintenance of antibiotic selection and/or when they carry large cargoes (McBride and Summerfelt, 1990; Hellens et al., 2000; Song et al., 2003; Murai, 2013) . Thus, plant synthetic biology and genetic engineering efforts would significantly benefit from the development of a simple, efficient and highly stable approach for transgene assembly and effective plant transformation with large stacked constructs.
Site-specific recombinases are enzymes that mediate predictable DNA exchange at their defined recognition sites. Depending on the intrinsic capabilities of the enzyme and the arrangement of its recognition sites, recombination can result in insertion, deletion or inversion of the participating DNA segments. For example, the ParA-MRS system, where ParA is a small serine recombinase, and MRS is its respective 106-bp recognition site, performs irreversible excision of sequences flanked by MRS sites in direct orientation (Thomson et al., 2009) . In contrast, the A118 and TP901-1 recombinases act on two~50-bp recognition sites that differ in sequence, typically known as attachment sites attB and attP, to yield unique recombination product sites known as attL and attR. These recombinases perform integration, inversion or excision depending on the arrangement of the recognition sites (Keravala et al., 2006; Thomson and Ow, 2006) . These reactions are irreversible unless an additional protein, an excisionase, is present. Site-specific recombinase enzymes like these can be utilized in innovative molecular strategies to efficiently and precisely assemble multiple DNA fragments into complex stacked arrays Srivastava and Thomson, 2016) .
We designed and constructed the GAANTRY system, and have examined its capacity to assemble a large and complicated T-DNA by sequentially stacking 10 cargo sequences generating a 28.5-kbp T-DNA within a modified disarmed Agrobacterium virulence plasmid. The recombinase-mediated assembly process, the stability of the assembled events in Agrobacterium, and the ability of the system to generate good-quality transgenic events were evaluated. The molecular, genetic and phenotypic characterization of the GAANTRY transgenic plants is presented.
RESULTS

The GAANTRY system
The GAANTRY system employs four plasmid vectors, a recipient Agrobacterium strain, and bacterial transformation to perform in vivo T-DNA assembly. The system is designed to efficiently utilize two simple cloning vectors and sequential site-specific recombination events to precisely insert transgenes of interest within a T-DNA carried on an Agrobacterium virulence plasmid, eliminating the need for a binary vector. The assembly strategy is simple, modular, and allows flexible control of the orientation and order in which cargo sequences are incorporated within the T-DNA. The P and B 'donor' vectors carry attP (or attB, respectively) A118 and TP901-1 recombinase recognition sites flanking the cargo sequence(s) of interest. Also in the donor plasmid are an antibiotic selection marker (conferring either kanamycin or gentamicin resistance), the sacB negative selection marker (conferring sucrose sensitivity) and a ParA MRS recognition sequence. These donor vectors can be manipulated in Escherichia coli using standard cloning and microbiological techniques for the insertion of cargo sequences (i.e. promoter-gene-terminator transcriptional units or other DNA sequences of choice). The P and B 'helper' plasmids carry an operon expressing either the TP901-1 and ParA, or the A118 and ParA recombinase enzymes, respectively. The plasmid maps and sequences for these four vectors are shown in Figure S1 . These vectors are maintained and manipulated in E. coli, but cannot replicate in Agrobacterium.
The P and B donor plasmids are modified pBluescript cloning vectors that are approximately 6.5 kb in size. These vectors were designed specifically for their versatility and ease of manipulation, and they contain a large multiple cloning site enabling traditional restriction enzyme cloning (with 29 unique recognition sites including 10 'rare' cut sites). The GAANTRY donors can receive almost any cargo sequence using any cloning technology, and modification of the sequence of interest by removing native restriction sites is unnecessary. The donor vectors, with only minor modifications, could accommodate any of the currently available methods of transcriptional unit assembly, including Gateway â , Golden Gate, Golden Braid or Gibson based cloning. The GAANTRY recipient bacteria (ArPORT1) is a disarmed Agrobacterium rhizogenes strain NCPPB 2659 modified to contain an Agrobacterium tumefaciens strain C58 Left Border (LB) sequence, an A118 attP site, a kanamycin resistance marker and a ParA MRS site integrated in place of the native T-DNA of the pRi virulence plasmid (Figure S2 ). In addition, this strain was rendered recA-as previously described (Valdes Franco et al., 2016) , improving the stability of constructs containing repetitive sequences. Together, these five components (the four plasmid vectors and the recipient ArPORT1 strain) enable simple and efficient recombinase-mediated T-DNA assembly and plant transformation.
Recombinase-mediated gene stacking
Assembly of cargo sequences within a GAANTRY T-DNA is performed directly within the recipient Agrobacterium strain (ArPORT1) via transient expression of the A118, TP901-1 and ParA recombinases. A depiction of the stacking strategy is shown in Figure 1 . The GAANTRY recipient strain (which is kanamycin resistant) is transformed with a B donor vector carrying a cargo sequence of interest and the B helper vector. The B helper vector transiently expresses the A118 and ParA recombinase enzymes. The A118 recombinase will site-specifically (and unidirectionally) integrate the entire donor vector including the cargo sequence into the ArPORT1 virulence plasmid. Once the donor vector sequence is inserted, the ParA enzyme will recognize the pair of directly oriented MRS sites to remove the intervening sequence containing the kanamycin resistance gene and the unwanted donor plasmid backbone. This generates a complete T-DNA with a Right Border (RB) and LB flanking the cargo sequence and a TP901-1 attP site ( Figure 1b) . Outside of the RB of the T-DNA is the gentamicin resistance gene and a single MRS site. ArPORT1 Agrobacterium clones with the desired cargo are identified as gentamicin resistant, sucrose insensitive and kanamycin sensitive via selection. Validation of the selected strain can be conducted by polymerase chain reaction (PCR) and sequencing. A second cargo sequence can then be introduced by transformation of this new GAANTRY Agrobacterium ArPORT1 strain (already carrying the first cargo) with a P donor plasmid carrying a second cargo sequence and the P helper plasmid. In this instance, the TP901-1 and ParA recombinases perform site-specific integration and excision, respectively, to form a new strain carrying the second cargo sequence inserted next to the first cargo sequence within a newly formed T-DNA (Figure 1d ). The desired Agrobacterium strain carrying the added cargo is identified as kanamycin resistant, sucrose insensitive and gentamicin sensitive via selection. During this iteration of the assembly, a novel RB is left behind flanking the inserted genes of interest (as the previous RB, gentamicin resistance marker and donor plasmid sequences are removed by ParAmediated excision). The replacement of the existing RB during each subsequent stacking event ensures that only (c) The stack 1 strain is co-transformed with a P donor plasmid carrying cargo 2 (orange box) and the P helper plasmid (not shown). (d) Site-specific integration and excision mediated by the TP901-1 and ParA recombinases generates the kanamycin-resistant stack 2 strain. (e) The process is repeated iteratively by toggling antibiotic resistance between kanamycin and gentamicin to sequentially stack additional cargo sequences to produce the stack n strain. A more detailed depiction of the stacking mechanism and the assembly procedure is shown in Figure S3 . (Figure 1 ). The assembly process arranges the cargo sequences sequentially next to the T-DNA LB or the previously inserted cargo and becomes a stable part of that strain's T-DNA within the native pRi virulence plasmid. The strain can be used for plant transformation, stored and/or used as a platform for the insertion of additional cargo sequences. Complete details of the GAANTRY recombinase-mediated assembly process for sequential gene stacking and antibiotic selection marker toggling are shown in Figure S3 .
Assembly of the 10-stack construct
To demonstrate the utility of the GAANTRY system, we constructed five B donor vectors and four P donor vectors carrying various cargo sequences (Table S1 ). Eight of the cargoes were transcriptional units that confer functional phenotypes (i.e. antibiotic/herbicide resistance or visible/ measurable traits) and one cargo (inserted twice in the 10-stack) was an insulator sequence that blocks interactions between promoters and nearby enhancers. The transcriptional units included the sul1, luciferase, eGFP, bar, b-glucuronidase, CsMybA, tdTomato and nptII genes. The TBS insulator sequences were inserted flanking the CsMybA transgene to ensure its expression remained limited to specific developmental and organ-specific stages conferred by the Arabidopsis HOTHEAD promoter (Kurdyukov et al., 2006) . The transcriptional orientation of the transgenes was chosen to ensure that they would not have convergent transcription and potentially produce antisense transcripts of downstream transgenes. These cargo sequences were deliberately sequentially stacked in 10 independent assembly steps using the GAANTRY system to generate the 28.5-kbp '10-stack' T-DNA shown in Figure 2 . Although a similar T-DNA could have been assembled in fewer steps by cloning multiple genes into a single donor plasmid, 10 assembly steps were employed to demonstrate the robust and repeatable nature of the GAANTRY assembly process. The strains generated from each stacking step were molecularly validated via screening with sequence-specific primers that bridge the junctions between the preexisting and newly inserted cargo. All 10 of the randomly selected clones selected following each round of assembly were confirmed to be correct. This 100% efficiency did not change between the insertion of the first cargo sequence to the 10th cargo sequence, and the number of colonies produced from each transformation was also similar from the first to the 10th stacking event. Use of 11 bridging PCR amplifications on the GAANTRY 10-stack clone validated the presence of all of the inserted cargo sequences (Figure 2) . To examine the stability of the stacked cargo within the GAANTRY strain's virulence plasmid, the 10-stack strain was subcultured three times over 144 h (6 days) in non-selective liquid growth medium, plated on solid media without selection, and then 10 randomly selected colonies were screened using PCR and antibiotic selection. All 10 of the colonies retained all of the cargo sequence junctions within the T-DNA and bacterial kanamycin resistance. Representative results are shown in Figure S4 .
Generation and phenotypic characterization of GAANTRY 10-stack transgenic plants
The 10-stack GAANTRY strain was used to transform Arabidopsis thaliana ecotype Columbia-0 in two independent floral dip experiments. Over 500 independent T 1 transgenic events were recovered and grown to maturity. The transgenic plants were identified using selective media containing either kanamycin or sulfadiazine, or both kanamycin and sulfadiazine simultaneously. Kanamycin resistance is conferred by nptII located near the RB, while sulfadiazine resistance is provided by sul1 located near the LB. The average transformation rate based on dual selection with both antibiotics was 1.0%. The phenotypes of 514 T 1 and T 2 GAANTRY-derived events were evaluated. A total of 89% of the events identified using both kanamycin and sulfadiazine selection (304 of the 342 examined) exhibited all eight of the expected phenotypes (Data S1). Although there was variation in the strength of the reporter activity, or the antibiotic/herbicide resistance observed due to position effects within independent events, the vast majority of lines clearly exhibited all eight of the introduced traits. Images of the visible phenotypes and the measured luciferase activity of randomly selected plants are shown in Figure 3 . Of the 38 lines lacking one or more phenotypes, most (27) lacked a single phenotype, while a single line did not have four phenotypes (Data S1). The phenotypes of herbicide resistance, green fluorescence and anthocyanin accumulation, conferred by transgenes near the center of the T-DNA, were the most frequently absent in this set of transgenic events. Sulfadiazine selection alone was also used to identify 92 independent 10-stack events, of which 94% of these plants exhibited all eight phenotypes. Six lines lacked between one and three phenotypes, and the traits most frequently lacking in this group of events were encoded by transgenes in the center or near the RB of the T-DNA (Data S2). A total of 82 independent transgenic events were also identified using only kanamycin selection. The transformation rate based on kanamycin selection was approximately 20% higher (1.2%) compared with when both kanamycin and sulfadiazine selection were used simultaneously. When the transgenic phenotypes of these kanamycin-resistant plants were examined, only 63% (52) were positive for all eight phenotypes (Data S3). Two events lacked a single phenotype (sulfadiazine resistance), while 26 events lacked between two and six phenotypes, and two events did not have seven phenotypes and exhibited only kanamycin resistance. Interestingly, the distribution of the missing phenotypes within this set of events was inversely correlated with the transgene's distance from the T-DNA RB (Figure 4 ). The RB is the site of initiation of T-DNA transfer and the plant kanamycin resistance gene is directly adjacent to this sequence. The observed pattern of missing traits in the kanamycin selected lines is clearly distinct from those observed in the events selected using sulfadiazine alone, or those selected with both kanamycin and sulfadiazine ( Figure 4 ).
Molecular characterization of the 10-stack transgenic plants
The sul1 transgene copy number was measured using droplet digital PCR for 73 events identified using kanamycin and sulfadiazine selection. A total of 69% of these events had one copy of the sul1 transgene, while 16% had two copies, and the remaining 15% had three-six copies of the transgene ( Figure 5 ; Data S1). The transgene copy number from 62 of these events was also measured for the nptII transgene showing that 27% were also single copy for this selection marker. A total of 21% of these events carried two copies of nptII and the remaining 52% had between three and more than 10 transgene copies. The GUS transgene copy number was also measured in 42 of these events where 59% were single copy, 17% were two copy and 20% had more than two copies. Two events (KS18 and KS20) that lacked anthocyanin accumulation, b-glucuronidase activity and herbicide resistance (but exhibited the other phenotypes) when analyzed for the GUS transgene copy number were found to be missing the GUS sequence. This provides a physical explanation for the lack of Figure 4 . The phenotype frequency in the kanamycin selected events is inversely correlated with distance from the Right Border (RB). The percentage of independent transgenic events that were positive for each of the eight phenotypes (assayed in T 2 plants) in the populations originally selected using either kanamycin only (black line; triangle; n = 82 independent events), sulfadiazine only (green line; square; n = 92 events), or both kanamycin and sulfadiazine (blue line; circle; n = 342 events) are plotted relative to their location within the T-DNA. A diagram of the 10-stack T-DNA from the RB to Left Border (LB) is shown below the graph. The distance each transgene is from the RB (in kb) is also shown above the T-DNA diagram. Figure 5 . Transgene copy number in the GAANTRY 10-stack events identified using kanamycin and sulfadiazine selection. The percentage of total tested events with zero, one, two or more than two copies of the indicated transgene (nptII, GUS or sul1) is shown. Genomic DNA from 62, 54 and 73 independent T 1 events were analyzed for the nptII, GUS and sul1 transgene copy numbers, respectively. The data are also available in Data S1.
Published 2018. This article is a U.S. Government work and is in the public domain in the USA. histochemical staining, and suggests that these events likely contain two partial T-DNAs inserted within their genomes. Overall, 16 transgenic events were single copy for all three tested transgenes and expressed all eight phenotypes (Data S1; highlighted in orange). Taken together, these results strongly suggest that these transgenic lines have one complete 10-stack T-DNA integrated into their genome.
To further examine the quality of the transgenic plants produced by the GAANTRY system, we also performed genomic PCR screening to detect sequence outside of the 10-stack T-DNA. In total, 210 events from the dual selected population were analyzed, and 17 (8%) carried sequence within 295 bp outside of the T-DNA LB, while the other 193 lines (92%) were free of non-T-DNA sequences (Data S1).
DISCUSSION
Genetic engineering of complex traits in plants will require the capacity to efficiently introduce multiple genes within the genome. Although the introduction of single gene traits like herbicide tolerance or insect resistance has contributed significantly to agriculture, the improvement of multifaceted traits like yield or stress tolerance will likely involve the introduction of numerous genes and require more sophisticated technologies. The GAANTRY system will enable researchers to tackle some of these more challenging endeavors.
GAANTRY was demonstrated to assemble and stably maintain a large stacked construct and to produce highquality transgenic events of low copy number and free of backbone contamination. The system's recombinasemediated stacking employs a repetitive process that toggles between kanamycin and gentamicin antibiotic resistance. The procedure is simple, efficient, inexpensive, and can theoretically allow unlimited rounds of sequential gene stacking to produce extremely large TDNAs. The system utilizes two unidirectional integrases (A118 and TP901-1) and one excision-only recombinase (ParA) to toggle between two bacterial antibiotic resistance markers enabling precise, clean and efficient gene stacking with each round of assembly. Appropriate antibiotic selection aided by sucrose insensitivity selection (confirming the excision of the donor plasmid backbone) effectively screens for, and clearly identifies only those Agrobacterium ArPORT1 clones that have undergone complete integration and excision. The site-specific integration events are irreversible due to the production of the hybrid attL and attR sites that are no longer recognized by the enzymes for recombination. The excisiononly ParA recombinase can only remove the unwanted sequences following a successful integration event. This design allows the targeted and stable insertion of cargo sequences, the swapping of selection markers and the precise placement of another recombinase recognition site to be used to repeat the process in a future round of assembly.
The design adds cargo sequences from LB to RB within the T-DNA located within the native context of the Agrobacterium virulence plasmid. This feature of the GAANTRY system takes advantage of native low copy and stable maintenance of the virulence plasmid within Agrobacterium. It also potentially contributes to the observed fidelity of T-DNA transfer and the frequency of high-quality events that are generated. Further, the GAAN-TRY assembly process removes and replaces the RB sequence each time new cargo sequences are loaded into the T-DNA and the bacterial selection marker genes are swapped. This attribute allows the generation of a 'clean' T-DNA that carries only the transgenes of interest, ensuring that unneeded sequences (such as bacterial selection marker genes) are not introduced into the transgenic plants that are subsequently produced. The iterative nature of the GAANTRY assembly process and the reproducible high efficiency at achieving the desired events in each stacking experiment mean that the capacity to insert cargo is theoretically unlimited. Thus, it is likely that innate biological limitations of what the Agrobacterium GAANTRY strain can stably maintain in culture and effectively transfer into plant cells for genomic integration will determine the effective limit on what stacked cargo can be efficiently introduced into plants in a single transformation event.
The order and orientation of assembled sequences within the GAANTRY T-DNA are flexible and are determined by the choice of donor plasmid used and the order in which the assembly process is performed. The orientation of the assembled cargo is controlled by the direction chosen for the sequences that are inserted within the donor plasmids. Insertion of cargo sequences in both the P and B donor plasmids in both orientations relative to the recombinase recognition sites will provide complete flexibility for how the cargo can be assembled within a GAAN-TRY T-DNA. Although once cargo is inserted into the T-DNA, it cannot be removed or replaced, so if inserted sequences do not function as desired, new assemblies utilizing the strain lacking the unwanted cargo will need to be used to generate a new construct.
The GAANTRY system provides a precise and efficient assembly process generating the desired T-DNA construct in vivo at a high frequency; we observed 100% for all 10 rounds of stacking. The system can potentially accommodate any cloning technology requiring only modest changes to the donor vectors, and is compatible with any cargo sequence that does not confer gentamicin or kanamycin resistance or plasmid replication in Agrobacterium. To demonstrate this versatility, we have constructed one Golden Gate-compatible and three Gateway â -compatible auxiliary donor vectors ( Figure S5 unwanted recombination between introduced sequences will occur. Our results show that the 10-stack assembly, including a 2-kb direct repeat of the TBS insulator sequence, is stable over numerous bacterial divisions without the use of antibiotic selection. This stability characteristic is particularly important for large constructs that may carry repetitive sequences, and thus minimizes concerns related to the rearrangement or loss of sequence that can occur with other plant transformation platforms that require in vitro manipulation or involve the growth of multicopy plasmids in recA + bacterial strains. Additionally,
given that many plant transformation protocols involve co-cultivation of recipient plant tissue with Agrobacterium for several days in the absence of selection, the demonstrated stability of the GAANTRY strain potentially represents an improvement over binary vectors that have been shown to be lost from Agrobacterium in the absence of selection (McBride and Summerfelt, 1990; Hellens et al., 2000; Murai, 2013) . The 10-stack T-DNA included plant selection markers near both T-DNA borders. Analysis of the transgenic plant populations recovered using selection based on sulfadiazine resistance (conferred by sul1 located near the LB) and kanamycin resistance (conferred by nptII located near the RB), or simultaneous selection for both markers, uncovered an interesting phenomenon. Clearly using selection for both selection markers, or the sul1 marker alone, enriched for transgenic events that contain at least one copy of the genes within the 28.5-kb T-DNA, but only 63% of the kanamycin-selected events exhibited all eight of the expected phenotypes. Furthermore, the traits closer to the RB were present more frequently than those conferred by genes near the LB in a remarkably linear relationship (Figure 4) . Thus, to increase the frequency of recovering events that carry all the intended cargo sequence, performing selection based on a marker located near the LB, or marker genes located near both borders appears prudent, particularly for 30 kb or larger T-DNAs.
Molecular analysis of the 10-stack transgenic events revealed that almost half (48%) of the tested events carried low (1-2) copy numbers of the introduced transgenes. Low copy, simple insertion events are desirable, as they typically exhibit reliable expression of the introduced traits and rarely show unwanted transgene silencing in subsequent generations. Consistent with that observation, is that the majority of the 10-stack transgenic events exhibited all eight phenotypes in both the T 1 and T 2 generations. The presence of sequences outside of the T-DNA was also examined and, unlike what is frequently observed for transgenic plants generated using binary vector constructs (Smith et al., 2001) , only 8% of the tested GAANTRY plants contained Agrobacterium sequence outside of the T-DNA LB, demonstrating that the GAANTRY system exhibits high fidelity in transferring only T-DNA sequences. It is possible this result is due to an innate characteristic of the A. rhizogenes strain itself, which is reported to frequently generate high-quality events using binary vector constructs (Veena and Taylor, 2007) , and/or it may be due to the fact that the GAAN-TRY T-DNA is located within the native context of the pRi virulence plasmid. The native location may also contribute to the low copy and complete T-DNA integration characteristics of the transgenic events produced, especially concerning the fidelity of accurately terminating transfer at the LB. Although only results from GAANTRYderived transgenic Arabidopsis plants were presented, other disarmed variants of the same A. rhizogenes strain have been successfully used to generate transgenic soybean, tomato, tobacco, Brachypodium and corn plants, suggesting that the ArPORT1 strain may be used in an array of species (Mankin et al., 2007; Veena and Taylor, 2007; Curtin et al., 2011; Collier and Tegeder, 2012; Haun et al., 2014; Collier et al., 2016) . Taken together, the demonstrated capacity to easily generate a large stacked construct and to produce good-quality transgenic events show that the GAANTRY system is an excellent platform for the genetic engineering of plants.
EXPERIMENTAL PROCEDURES Installation of the GAANTRY system in Agrobacterium rhizogenes NCPPB 2659
The CGT4464 plasmid vector (a gift from Dr Christopher G. Taylor, The Ohio State University), a suicide plasmid that cannot replicate in Agrobacterium, had 1002 bp and 907 bp homology 'arm' sequences inserted. These sequences flank the A. rhizogenes NCPPB 2659 T-DNA LB and RB, respectively (Combard et al., 1987) , and facilitated the homologous recombination-based replacement of the T-DNA with the GAANTRY recipient sequences. The vector contained a 320-bp sequence of the LB region of A. tumefaciens strain C58 (including the 25-bp LB direct repeat), the 56-bp A118 attP site (Mandali et al., 2013) , the nptIII gene for bacterial kanamycin resistance (Trieu-Cuot and Courvalin, 1983) , and the 106-bp ParA single multimer resolution site (MRS; Gerlitz et al., 1990) between the homology arms. This construct was tri-parental mated into A. rhizogenes strain NCPPB 2659, and kanamycin-resistant Agrobacterium colonies were isolated and screened to identify those that had undergone double homologous recombination and were missing the CGT4464 plasmid backbone (which contains the SacB gene) using sucrose negative selection (Comai et al., 1983; Valdes Franco et al., 2016) . A kanamycin-resistant and sucrose-insensitive colony was isolated and validated with PCR and sequencing ( Figure S2 ). The recA gene of this GAANTRY recipient strain was then similarly inactivated by replacement with the tetA gene as previously described (Valdes Franco et al., 2016) to generate the ArPORT1 GAANTRY recipient strain. Briefly, the CGT4464 plasmid had 1195-bp and 1204-bp homology 'arm' sequences (that flank recA in the A. rhizogenes NCPPB 2569 genome) inserted flanking tetA, which confers tetracycline (5 mg L recA knockout was performed using PCR, sequencing and a UV light sensitivity assay.
Construction of the donor and helper plasmids
The B and P donor vectors are modified pBluescript II SK(+) plasmids (Alting- Mees and Short, 1989) . The donor plasmids were constructed using restriction enzyme cloning and ligation methods with PCR amplified and commercially synthesized DNA fragments. To create the B donor, the multiple cloning site of pBluescript II SK(+) was replaced with a synthesized multiple cloning site flanked by the 56-bp A118 attB site, the 55-bp TP901-1 attB site (Breuner et al., 2001 ) and a 154-bp A. tumefaciens strain C58 RB region including the RB direct repeat. The aac1 gene conferring bacterial resistance to gentamicin (Kovach et al., 1995) , a single 106-bp ParA MRS recognition site and the sacB gene encoding levansucrase (Gay et al., 1983) were also inserted into the plasmid (outside of the multiple cloning site; Figure S1 ). Similarly, the P donor plasmid was constructed by inserting the 65-bp TP901-1 attP site, a synthetic multiple cloning site, the 56-bp A118 attP site and the nptIII conferring bacterial kanamycin resistance into pBluescript ( Figure S1 ). The B and P helper vectors are modified pBluescript plasmids with a synthetic site-specific recombinase operon controlled by the lac promoter. The B helper contains the ParA and A118 coding sequences, while the P helper carries the ParA and TP901-1 coding sequences ( Figure S1 ). Also within both helper vectors is a b-lactamase promoter controlling the expression of the E. coli LacI repressor. The intent was to make recombinase expression dependent on IPTG induction, but subsequent experiments showed that site-specific recombination in Agrobacterium did not require IPTG induction. The maps, annotated sequences and Genbank accessions of these plasmids are shown in Figure S1 . The transcriptional units that were cloned into donor plasmids and used to assemble the 10-stack strain are described in detail in Table S1 . The sul1, firefly luciferase, eGFP, bar, b-glucuronidase, CsMybA, tdTomato and nptII genes, the expression control elements (promoter and transcription terminators) used to control their expression are listed, along with the GenBank accession in Table S1 . The tdTomato gene is a modified version of the reporter developed by Mann et al. (2012) for enhanced expression in plants. An Arabidopsis chitinase signal peptide was fused to the 5'-end and KDEL retention signal added to the 3'-end of the tdTomato open reading frame. To avoid utilizing a sequence that contained a perfect tandem repeat of the dsRed coding sequence, the second copy in the tandem dimer was codon optimized for plants. The novel sequence was synthesized and cloned into the donor under control of the double enhanced CaMV35S promoter.
Assembly of the 10-stack GAANTRY construct
The kanamycin-resistant GAANTRY A. rhizogenes recipient strain ArPORT1 ( Figure S2 ) was transformed with a B donor vector carrying the sul1 plant selection marker and the B helper vector (Table S1 ). The donor and helper vectors have the ColEI origin making them suicide plasmids, because they cannot replicate in Agrobacterium. The cargo sequence from the B donor was integrated into the recipient strain via in vivo recombination mediated by the A118 recombinase and identified with gentamicin (100 mg L
À1
) selection. Recipient colonies carrying the inserted cargo were then streaked onto plates containing gentamicin (100 mg L
) and sucrose (5% w/v) to identify colonies that have excised sacB. The donor plasmid backbone (including sacB) and the kanamycin bacterial resistance marker are removed by ParAmediated excision as shown in Figure S3 . The excision and purity of individual colonies were further confirmed by streaking selected bacteria on media with kanamycin and observing a failure to grow (due to the loss of the nptIII resistance gene). Note, use of this two-step selection and streak purification process is necessary to ensure a pure strain carrying the introduced cargo that has undergone excision is selected. Chosen colonies were then further validated using genomic PCR to confirm the cargo was site-specifically integrated (see genomic PCR validation below). The confirmed strain carrying the first cargo sequence was used to integrate the second cargo sequence. Because nptIII was previously excised in the first assembly step with the B donor, it is recycled for use in the second stacking step with the P donor. The gentamicin-resistant one-stack GAANTRY A. rhizogenes strain was transformed with a P donor vector carrying the luciferase reporter transcriptional unit and the P helper vector (Table S1 ). The cargo sequence from the P donor was integrated into the recipient strain via in vivo recombination mediated by the TP901-1 recombinase and identified with kanamycin (50 mg L À1 ) selection. Selected kanamycin-resistant colonies were streaked on plates containing kanamycin and sucrose (5% w/v) to identify colonies that have excised sacB. The excision was further confirmed by streaking selected bacteria on gentamicin and observing a failure to grow (due to the loss of the aacC1 resistance gene). Again, PCR was used to confirm the cargo sequence was site-specifically integrated. The process was repeated to insert the next eight cargo sequences, toggling between kanamycin and gentamicin resistance. The structure of the completed GAANTRY 10-stack strain is shown in Figure 2 . A working protocol for the GAANTRY assembly process is provided in Methods S1, and the recombinase mediated assembly process is diagrammatically shown in Figure S3 .
Genomic PCR validation of the GAANTRY assemblies
To confirm the site-specific integration and excision, genomic DNA was isolated from 10 GAANTRY A. rhizogenes colonies following each assembly step using the Gentra PureGene DNA isolation kit as described by the manufacturer (QIAGEN, Germantown, PA, USA). A total of 20 ng of genomic DNA was used as template in PCR amplification reactions with the primers shown in Table S2 . The primers anneal and amplify the novel junctions formed from each site-specific integration and excision event.
Generation of transgenic Arabidopsis
Arabidopsis thaliana ecotype Columbia-0 was transformed using two independent floral dip transformation experiments as previously described (Clough and Bent, 1998) . The resulting mature T 1 seeds were harvested, surface sterilized and then germinated on MS media including 1.0% sucrose supplemented with timentin (150 mg L
À1
, to select against contaminating Agrobacterium), and containing kanamycin (50 mg L À1 ) and/or sulfadiazine (50 mg L À1 ) selection agents . The average transformation rates were measured from each type of selection by weighing the seed (to quantify the total number of seeds screened) and counting the number of transgenic seedlings recovered. Individual plants that exhibited resistance to the selective agents were transplanted to soil after 2 weeks of selection and grown to maturity.
Transgene phenotypic characterization
Resistance of transgenic Arabidopsis to selective chemicals was determined by germination of seedlings on solid MS medium supplemented with kanamycin sulfate (50 mg L À1 ) or sulfadiazine (50 mg L À1 ). A subset of plants selected with kanamycin was transplanted to soil and subjected to sulfadiazine selection as previously described (mediated by the bar gene) was assessed in soil-grown plants by repeated foliar application of Finale herbicide (0.003% glufosinate ammonium; 250 ll Finale herbicide/quart water). Luciferase activity was analyzed following the manufacturer's protocol (Promega, Madison, WI, USA), from cleared lysates generated from 1-cm 2 leaf discs. For green fluorescence, fresh flowers (stage 12-13; Smyth et al., 1990) were flattened with 10 ll water underneath a coverslip on glass slides to analyze pollen green fluorescence using an Olympus Model BX51 fluorescent microscope fitted with a Nomarski DIC observation system and a GFP filter. Plant tissue samples were incubated with X-Gluc to visualize b-glucuronidase activity as previously described (Jefferson, 1987) . Anthocyanin production was assayed using visual examination of developing flowers, mature embryos and/or microscopic examination of germinating seedlings 36-48 h after germination on solid MS medium. Red fluorescence from tdTomato was examined using a Leica MZ16FA dissecting microscope with a 590-650 nm bandpass filter. The excitation light provided was from 510 nm to 560 nm. Wild-type plant tissues produce no or very little autofluorescence when examined under these conditions. PCR screening for 'backbone' sequences from outside the T-DNA A total of 73 independent kanamycin-and sulfadiazine-resistant events were examined for the presence of vector backbone sequence. The same primers that were used for validating the insertion of the first cargo sequence into the GAANTRY strain were used to detect sequence outside of the T-DNA LB in the transgenic Arabidopsis plants (Table S2) . These primers amplify an 819-bp product that spans from the 3'-end of the sul1 coding sequence (within the T-DNA) to 295 bp outside of the LB repeat. Control amplification reactions using primers that anneal to the virA sequence in the A. rhizogenes virulence plasmid were used to detect contaminating bacteria, and primers designed to anneal within the 10-stack T-DNA (Table S2) were used as a positive control for amplification.
Measuring transgene copy number using droplet digital PCR Transgene copy number was measured using droplet digital PCR. The Arabidopsis AAP1 gene (At1g58360) was used as a single copy reference gene, while primers for the sul1, GUS and nptII transgenes were used to quantify the transgene copy number. The partitioning, amplification and detection conditions are as previously described (Collier et al., 2017) . The primers and probes used are shown in Table S2 . Between 5 ng and 20 ng of Arabidopsis genomic DNA digested with BglII was used as template in the droplet digital PCR reactions.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . GAANTRY donor and helper vector maps and sequences. Figure S2 . ArPORT1 A. rhizogenes GAANTRY recipient strain target sequence. Figure S3 . GAANTRY stacking mechanism and procedure. Figure S4 . Stability of the GAANTRY 10-stack strain. Figure S5 . Auxiliary GAANTRY donor vector maps and sequences. Table S1 . 10-stack cargo sequences in donor plasmids. Table S2 . Oligonucleotides used.
Data S1. Phenotypic characterization of 10-stack transgenic plants initially identified using sulfadiazine and kanamycin selection. Data S2. Phenotypic characterization of 10-stack transgenic plants initially identified using only sulfadiazine selection. Data S3. Phenotypic characterization of 10-stack transgenic plants initially identified using only kanamycin selection. Methods S1. GAANTRY gene stacking protocol.
